Monkey electrophysiological and human neuroimaging studies indicate the existence of specialized neural systems for the perception and execution of actions. To date, the dynamics of these neural systems in humans have not been well studied. Here, we investigated the spatial and temporal behavior of human neural responses elicited to viewing motion of the face, hand, and body. Scalp event-related potentials (ERPs) were recorded in 20 participants viewing videotaped mouth (opening, closing), hand (closing, opening), and body stepping (forward, backward) movements. ERP peak differences within the movements of each body part were compared using topographical maps of voltage, voltage difference, and Student's t-test at ERP peak latencies. Predominantly temporoparietal negative ERPs occurred to motion of all body parts within 200 ms postmovement onset. Hand closure elicited a significantly greater negativity than opening, particularly in the left hemisphere. Vertex positive ERPs within 300 ms postmovement onset were elicited to hand and body motion. A significantly greater positivity occurred for the body stepping forward relative to stepping backward. The ERP topography was consistent with observed activation foci in human neuroimaging studies. Our data indicate that the neural activity of a system dedicated to the perception of high-level motion stimuli can rapidly differentiate between movements across and within body parts.
Introduction
Both human and nonhuman primates can "read" the actions of their conspecifics-an ability that is essential not only for survival, but also for forming social relationships. This requires a specialized neural system that can rapidly integrate form and motion cues, and interpret them in context.
Single-unit studies in monkeys have identified cells in the superior temporal sulcus (STS) that respond specifically to the face, hands, or body and not to other visual stimuli (Perrett et al., 1982 (Perrett et al., , 1989 Desimone et al., 1984; Wachsmuth et al., 1994) . Moreover, cells can exhibit highly idiosyncratic responses to mobile body parts. For example, cells responsive to ventral flexion of the head (Hasselmo et al., 1989) and hand grasping movements (Perrett et al., 1989) have been reported. Neural responses to walking motion occurred irrespective of whether the motion was presented using real images or point-light displays (Johansson, 1973) . These neurons did not respond to various types of random articulated dot motion. Oram and Perrett (1996) argue that these neurons, located in the anterior superior polysensory area (STPa) in the STS, integrate form and motion information. Additionally, they speculate that STPa neurons form part of a neural system devoted to the analysis of actions. This system also includes "mirror neurons", which are located in frontal area F5 and are responsive to both observing and executing grasping movements of the hand (Gallese et al., 1996; Rizzolatti et al., 1996a) .
Intracranial field potential studies in humans being investigated for epilepsy surgery have revealed category-specific patches of cortex in both ventral and lateral temporal cortex, responsive to faces, face parts, and hands McCarthy et al., 1999) . A surface-negative event-related potential (ERP) at around 200 ms poststimulus (N200) has been reported to these stimulus categories. Scalp ERP studies in healthy humans also demonstrate a category-specific N170 ERP over the temporal scalp, especially to static faces and eyes (e.g. Bentin et al., 1996) . Interestingly, N170 can also be elicited by viewing apparent facial motion .
Human neuroimaging studies also demonstrate activation in temporoparietal cortex to viewing the actions of others, independent of viewing motion per se (Bonda et al., 1996; Rizzolatti et al., 1996b; Puce et al., 1998) . The activation may be quite focal: facial motion activates discrete regions of the STS (Puce et al., 1998) . Frontal cortex activation has also been demonstrated when subjects (1) make hand-grasping movements, (2) view the same movements in others (Grafton et al., 1996; Rizzolatti et al., 1996b) , or (3) imitate movements (Iacoboni et al., 1999) . These activation patterns in the human temporoparietal and frontal cortex suggest similarities in high-level motion processing systems in human and nonhuman primates (Rizzolatti et al., 1996b; Puce et al., 1998) .
Neuroimaging methods, while capable of the accurate localization of temporoparietal and frontal activations, do not have the temporal resolution to study the dynamics of these processes. As yet, these neural correlates have not been well studied in humans. Here, we extended our previous scalp ERP investigation of facial motion, to motion of the hands and body, with two methodological differences. First, we used real motion instead of apparent motion. Second, we used a whole-head array to study both temporoparietal and potential frontal activity, unlike previously where a montage covering the posterior scalp was used. We have previously noted N170 amplitude differences between facial motion type . Here we used two movements of each body part, to investigate whether neural responses could differentiate between and within movements of the face, hand, and body. Specifically, mouth opening and closing, hand closing and opening, and stepping forward and backward movements were studied. A preliminary report has appeared previously (Wheaton et al., 2000) .
Materials and methods

Subjects
Twenty, right-handed females (Oldfield, 1971) , aged 18-30 years, consented to participate in the study, approved by Swinburne University of Technology's Human Research Ethics Committee.
Stimuli
Color videotapes of a female actor's actions were presented on a monitor subtending a total visual angle of 13.1 deg horizontally ϫ 10.0 deg vertically. Within this space the maximum horizontal and vertical visual angles for body part motion were 5.2 deg ϫ 6.7 deg, respectively. Presented movements were a body stepping forward and backward, a mouth opening and closing, and a left-hand closing and opening in the horizontal plane (Fig. 1) . One exemplar for each body part was generated and consisted of a twomovement sequence. Each sequence consisted of the body part: (1) presented still for 1 s; (2) executing the first movement over a 320-ms interval; (3) remaining still in the end position for 1 s (stepped forward, mouth open, hand closed); (4) executing the second movement over 320 ms; and (5) remaining still for 1 s, thus reverting to its original position (stepped back, mouth closed, hand open). Movements occurred in the same order in every body part sequence. Each body part sequence occurred 75 times, in pseudorandom order, over two experimental runs for all subjects. Event markers identifying motion onset for each movement were recorded on the audio channel of the stimulus videotape. The event markers were digitized and stored with the continuous electroencephalographic (EEG) file and then used to identify and extract the ERP epochs.
We attempted to create a "natural" viewing situation and deliberately avoided using a fixation point in the display, in spite of the expected higher number of EEG epochs contaminated by electro-oculographic (EOG) artifact. Hence, a relatively large number of trials were used, so that there would be an adequate number of trials in the averaged ERPs following artifact rejection. So as to minimize the time to conduct the experiment, the movements of a particular body part were presented as a paired animated sequence. As an onset ERP is generated to the appearance of each exemplar, a delay was inserted prior to presenting the movement, so as not to have compound ERPs consisting of both (static) onset and motion responses. By using a paired sequence for each body part, a delay allowing for the onset potential would only have to be made at the start of each stimulus sequence, and hence the time taken to view the visual stimuli was significantly reduced to around 14 min.
Procedure
Participants were seated comfortably in a dimly lit room. Participants were instructed to attentively view all stimuli and maintain visual focus on the center of the screen where the movement was presented. No behavioral response was required. A continuous 62-channel scalp EEG (Fig. 1 ) and horizontal and vertical EOG were recorded using a band pass of 0.07-100 Hz, a gain of 8000 and digitized with a sampling rate of 500 Hz. The nose and chin served as reference and ground sites, respectively.
Analysis
EEG data were segmented into 1350-ms epochs using the audio event marker. Each epoch began 100 ms before the movement's onset and was sorted by stimulus type (body forward, body backward, hand closing, hand opening, mouth opening, mouth closing). Each epoch was visually inspected and epochs with any visible EOG or electromyographic activity were excluded from further analysis. Averaged ERP data were generated for each subject and condition and smoothed using a 40-point sliding 104-102-104 filter. Group average ERPs were generated for each stimulus condition.
At discernible ERP peak latencies, topographical voltage maps (Nunez et al., 1993) , voltage difference maps (between the two movements of a body part), and Student's t-test maps of these differences (Duffy et al., 1981) were generated (Figs. 2 and 3) . A value of P Ͻ 0.01 (uncorrected) for significance was used, which after correction for multiple comparisons (Duffy et al., 1990) corresponded to P Ͻ 0.002.
Results
Thirteen subjects' data were included in the final analysis (age: mean 21.7 years, SD 2.7, Laterality Quotient: mean R66.5, SD 20.5). The relatively long recording epochs increased the likelihood of eyeblink artefacts. Most of the excluded subjects had insufficient ERP trials remaining across all conditions following artefact rejection (4) and the others were excluded because of technical difficulties (3).
Viewing body motion ( Fig. 1 top and Fig. 2a ) elicited a bilateral temporoparietal negative ERP at around 70 ms followed by a positivity at around 300 ms. A prominent P130 occurred centrally. The voltage difference map and Student's t-test map revealed that P130 was significantly larger to the body stepping forward than backward (Fig. 3a) .
Mouth movements ( Fig. 1 middle and Fig. 2b ) elicited a small negative ERP at 70 ms, followed by a second negative ERP at 160 ms over the bilateral temporoparietal scalp. A third ERP component of a broad positivity occurred around 200-700 ms to mouth opening, and 200-950 ms to mouth closing (Fig. 1) , apparently peaking earlier to mouth opening than closing. No significant differences were seen in the Student's t-test maps between mouth opening and closure (not shown).
Hand movements ( Fig. 1 bottom and Fig. 2c ) produced an N200 over the left temporoparietal scalp, followed by a subsequent positivity and negativity peaking at around 500 ms and 850 ms postmovement onset, respectively. A central P270 was also seen. Voltage difference maps and Student's t-test maps indicated N200 was significantly larger to the hand closing than opening over the left hemisphere (Fig. 3b) .
Discussion
In this study, viewing real motion of the face, hand, and body elicited the following major ERP findings: (1) early negative ERPs (within 200 ms postmotion onset) over the temporoparietal scalp to all body parts; (2) positive ERPs (within 300 ms) over the central scalp to body and hand motion; and (3) significant ERP amplitude differences within body and hand motion types.
We have reported posterior temporal scalp ERP amplitude differences to viewing apparent facial motion . Specifically, significantly larger N170 amplitudes occurred to viewing mouth opening versus mouth closing movements, and also to viewing averting eyes versus eyes looking directly at the observer. These effects were significant over the temporal scalp, particularly in the electrode row below the standard 10-20 system . The ERP data in the present study to viewing real facial motion, parallel those in the previous study, with a tendency for larger N170 amplitudes to occur to mouth opening versus mouth closing movements (Fig. 1 middle) . Here our recording montage did not allow us to sample the electrode row below the 10-20 system. We chose instead to sample the entire head, so as to explore other active brain regions in addition to temporoparietal cortex.
Human neuroimaging studies have demonstrated discrete patterns of cortical activation (Bonda et al., 1996; Grafton et al., 1996; Rizzolatti et al., 1996b; Puce et al., 1998 ) across a number of brain regions in response to observing the actions of others. Specifically, when subjects view hand-grasping movements activation in the inferior parietal cortex (Grafton et al., 1996) , frontal cortex (Grafton et al., 1996; Rizzolatti et al., 1996b) , and left STS (Bonda et al., 1996; Grafton et al., 1996; Rizzolatti et al., 1996b) is observed. Bilateral STS activation has also been reported not only to viewing eye and mouth movements (Puce et al., 1998) , but also to viewing a moving body (running, jumping, kicking, etc.) (Grossman et al., 2000) . Bonda and colleagues (1996) also reported predominantly right STS activation to observing body motion. The activation on the temporoparietal cortex was observed to both real (Grafton et al., 1996; Rizzolatti et al., 1996b; Puce et al., 1998) and point-light displays (Bonda et al., 1996; Grossman et al., 2000) . These data from human neuroimaging studies parallel those from single-unit electrophysiological studies in monkeys where responses in both STPa and F5 "mirror neurons" have been described (Rizzolatti et al., 1996a) . The topographical distribution of ERPs in this and our previous study are consistent with the human neuroimaging findings. While human neuroimaging studies have successfully identified active cortical structures, the data do not give a clear picture of the dynamics of these processes. Our ERP data indicate rapid neural responses to viewing the actions of others. The main activity over the temporoparietal scalp occurs within 200 ms postmotion onset to all body motion types. Early ERP components to viewing body and face motion can be detected as early as 70 ms. Additionally, the neural activity over the frontocentral scalp to viewing hand and body motion occurs within 300 ms postmotion onset. The ERP activity to the body motion is earlier than that to hand motion in both the temporal and frontocentral scalp (Fig. 1) .
Why would we expect to observe rapid neural responses and also differences in neural responses between movements within and across body parts-particularly to the movements used in this study? A body stepping forward relative to back, and a hand closing (into a fist) relative to opening could be potentially more threatening, and therefore salient relative to the other two movements. The augmented neural responses to these movements, it could be argued, may have survival value. Alternatively, these responses could form part of a neural system devoted to social perception -these kinds of movements are regularly observed in everyday social interactions. The single-unit studies in monkey STPa and F5 show cells that change their firing rates to viewing particular movements of the head or hands. These responses to action, and effectively gesture, are also thought to be important in social interaction and group dynamics (e.g. Perrett et al., 1985 Perrett et al., , 1989 Corballis, 1999) .
It could be argued that the ERP differences in this study occurred purely as a function of stimulus presentation order. Using three body parts necessitated random alternation between these stimulus types. Consequently, stimulus sequences consisted of one movement (e.g. mouth opening) followed by the other (e.g. mouth closure). We believe that these observed ERP effects cannot be attributed to stimulus presentation order as the ERP findings to viewing facial motion in this and our previous study were similar. In our previous study, facial movements were presented pseudorandomly on a continuously present face with no ordering of motion type.
Single-unit studies in monkeys have found the region responsive to hand actions is distinct from that responsive to static faces and hands (Perrett et al., 1989) . It remains unknown whether brain regions generating activity in previous ERP studies to static images of faces and hands (e.g. Bentin et al., 1996; Eimer, 1998; Allison et al., 1999; McCarthy et al., 1999) are the same as those described here. Neuroimaging data suggest that similar regions of the STS can be active to viewing static images of implied motion (Kourtzi & Kanwisher, 2000) .
Additionally, another intriguing finding in the present study is the left lateralized temporal ERP negativity to hands occurring at around 30 ms later than to faces, similarly to that described previously with static images . Both ERP and neuroimaging studies (Bonda et al., 1996; Grafton et al., 1996; Rizzolatti et al., 1996b) have reported left lateralization of the response to the hand regardless of the hand presented. It has been suggested that the dominant hemisphere for action is also dominant for observation of hand movements (Grafton et al., 1996) .
Conclusions
Neuroimaging studies have identified temporoparietal and frontal cortex activation to viewing the actions of others. Our ERP data show a similar topographical distribution to these studies and indicate that the brain rapidly differentiates between types of human motion, as early as 130 ms postmotion onset. These responses probably reflect activity in a neural network involved in the perception and interpretation of the actions of others. We speculate that these responses could be modulated by the movement's potential salience to the observer, and further studies investigating these issues are now underway in our laboratory. 
